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- In t roduc t ion  

The one-dimensional i g n i t i o n  of an explosive from a .sure 
thermal  h e a t  source i s  known from experiment t o  r e q u i r e  a c e r t a i n  
c r i t i c a l  energy p e r  u n i t  a r e a  from t h e  i n i t i a t i n g  source ,  below 
which i g n i t i o n  will no t  occur  even thouch t h e  exnlos ive  ad jacen t  
t o  t h e  source may be induced t o  undergo some chemical r eac t ion .  
Thus, a s e l f - s u s t a i n e d  combustion ( i . e . ,  i g n i t i o n )  czn r e s u l t  
on ly  when t h e  ra te  of hea t  product ion by the  chemical r e a c t i o n  
o f  a c e r t a i n  r e q u i s i t e  q u a n t i t y  of  the explos ive  is  g r e a t e r  t han  
t h e  ra te  of hea t  l o s s  t o  t h e  Surroundings. .4s t o  whether t h e  
i g n i t i o n  r e s u l t s  i n  normal combustion, o r  a thermal  explos ion  
fol lowed by de tona t ion  i s  a matter which i s  r e l a t e d  t o . t h e  
k i n e t i c  na tu re  of t h e  d<?composition o f  t h e  exp los ive ,  t h e  lieat 
f l u x  fron: t h e  i n i t i a t i n z  source ,  arid t h e  pi lysical  cond i t ions  - 
(e .g . ,  packing dens i ty ,  cliarge d i m e t e r ,  e t c .  1 of t:ie exp lcs ive .  
T h i s  t o p i c  i s  g e n e r s l l y  beyond the, scope Df this  paper. 

sper in ien t ' a l  va lues  o f  l;i..e t::err:i:nl energy requi re t i  . t o  . . . 
i \ , e  tin e x i l o s i v e  are very rn . i:.organ (1 J invss t ig :a ted  

i g n i l i o n  of lA_rhly f l m : n a b  l i d s  ' by meals .of e?:ort !:,it 
r . i r e s  m u  found ;I l i n e a r  r e l i ,  i p  between the c r i L i c A  

i Lien -.nF;r:;y rrid ii-:e iniLiztir+; t h e .  J:>:ies [ 2 )  c~>iis'irmed , '  

s f i n e l r i g  titiins a v a r i e t y  G f  ix+tch-Lesd c ~ ~ , i p s i  t i g n s .  . .  

iiryan ;*lid ~ioontifi ~ \ 3 J cieteriiiined r:?e xini ixm ener:;ies, de 
i n  a 3 x i l l i s e c  i n t e r v a l  t n a t  were j u s t  s u f f i c i m t  t o  i 
u n i t  a r ea  o f  s e v e r a l  e x p l o s i p k  'and found values  wnich ranged 
from g r e a t e r  t han  0.4 cal/cm f o r  T W ,  LO l e s s  than  0.1 cnl/cm 
€ o r  l e a d  s typhnate .  

The theo ry  of  i g n i t i o n  of s o l i d  combustibles has, r ece ived  
d e t a i l e d  t r e a t m n t  (4), althou?;h t h e  r e s \ i l t s  are  no t  g e n e r a l l y  8; 

d i scussed  d i r e c t l y  i n  terns  o f  t h e  i g n i t i o n  energy. This '  
paper  d i scusses  t h e  thermal  i g n i t i o n  energ ies  o f  exp los ives  
from t he  viewpoint of t h e  hea t  cond.uction .and k i n e t i c  processes  
involved. 

I g n i t i o n  Enerzv 

!'$hen a s t e p  func t ion  h e a t  source is brought i n  con tac t  h i t h  
a u n i t  area o f  an exp los ive ,  h e a t  f lows i n t o  t h e  exp los ive  r a i s i n g  
i t s  temperature .  kn e s s e n t i a l l y  cons tan t  temperature  Ts i s  
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e s t a b l i s h e d  a t  t h e  i n t e r f a c e  between t h e  hea t  source  and the  
e x p l o s i v e  i n  a t i n e  very s h o r t  compared t o  t h e  i g n i t i o n  de lay  
t i m e  o f  t h e  explos ive ;  its magnitude depends on s e v e r a l  f a c t o r s ,  
i n c l u d i n g  t h e  temperature  and energy conten t  of t h e  h e a t  source ,  
t h e  int imacy of c o n t a c t  between the  source  and t h e  explos ive ,  
and c e r t a i n  phys ica l  and chemical p r o p e r t i e s  o f  t h e  explosive.  
The temperature  T a t  a given d i s t ance  x wi th in  t h e  explos ive  
is  given  a s  a func t ion  of time t by ( 5 )  : 

where T i s  t h e  i n i t i a l  temperature  of t h e  explos ive ,  and kd 
i s  i ts  tfiermal d i f f u s i v i t y  (K pC I ,  where a r e  t h e  
average c o e f f i c i e n t  of  thermal  cgnduct iv i ty ,  t h e  degs i ty ,  and 
t h e  average hea t  capac i ty ,  r e spec t ive ly .  Chemical r e a c t i o n  i s  
induced  i n  t h e  explos ive  a t  a r a t e  c o n s i s t e n t  wi th  t h e  thermal 
decomposition k i n e t i c s  and t h e  l o c a l  temperature  of t he  explosive.  
Fo r  s u f f i c i e n t l y  low h e a t  flux, i g n i t i m  never occurs  s ince  .ieat 
conduct ion t o  t h e  environiiient holds  the  tamperature  of t h e  
exp ios ive  l o w  enough t h a t  s e l f - h e a t i n g  ddes not  occur. For 
h i g h e r  hea t  f l u x ,  s e l f - h e a t i n g  of  t h e  e x d s s i v e  does occur ,  mcl 
t h e  t i m e  t o  explos ion ,  wliich i s  c d c u l a b l e  by t h e  i+ank- 
Kamanetski equat ion ,  depends on the  s i z e  of the  explosive.  Yor 
s u f f i c i e n t l y  high h e a t  f l u x ,  which i s  t h e  case we consider  i n  
t h i s  paper ,  chernical r e a c t i o n  is  i n i t i a t e d  very r a p i d l y  due t o  
t h e  high sur face  temperature  o f  t h e  explos ive .  5e l i - sus t a ined  
i g n i t i o n  occurs when t h e  t o t a l  conauct ive he-lt t r a n s f e r  from 
t h e  source is s u f f i c e n t  t o  i n i t i a t e  a flaine which w i l l  propagate  
wi th  a v e l o c i t y  c o n s i s t e n t  with the  ambient condi t ions  f o r  a 
r e q u i s i t e  l eng th  t h a t  is detern ined  by t h e  t h e r m 1  d i f f u s i v i t y  
and t h e  burning v e l o c i t y  of t h e  explosive.  Under these  condi- 
t i o n s  t h e  r e a c t i o n  zone can f u r t h e r  s u s t a i n  i t s e l f  frcm the 
exp los ive .  For t i m e  pe r iods  l e s s  than  t h a t  requi red  t o  t r a n s -  
f e r  t h e  r e q u i s i t e  energy,  i g n i t i o n  w i l l  no t  occur  even though 
l o c a l  chemical r e a c t i o n  of t h e  explos ive  t akes  pldce ad jacent  
t o  t h e  hea t  source. For  t i m e  per iods  g r e a t e r  than  t h a t  re- 
q u i r e d  t o  transfer t h e  h e a t  necessary t o  i g n i t e  t h e  explos ive  
t h e  i g n i t i o n  energy becomeo a func t ion  o f  the hea t ing  t i m e .  

The hea t  f lux F through t h e  su r face  of  t h e  explos ive  
ie obta ined  by mul t ip ly ing  t h e  time d e r i v a t i v e  of  h q . ( l ) ,  
eva lua ted  a t  x =  0 ,  by K, S u b s t i t u t i n g  .b / t=F i n  t h e  
r e s u l t i n g  express ion  gives: 

K ,  p , C 

whe& 
explooive.  

There are var iouo  cr i ter ia  f o r  d e f i n i n g  i g n i t i o n .  The 
usually considered c r i t e r i a  f o r  i gn i t i on  are def ined  by t h e  
condi t ion8  necesoary f o r  a t r a n s i t i o n  from a pseudo-steady 
heat transfer t o  a non-steady proceoo of r e a c t i o n  (4). For 
t h e  p re sen t  case wb may cons ider  t h i s  t o  occur  when t h e  hea t  

E is t h e  energy p e r  un i t  area conducted i n t o  t h e  
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f l u x  i n  t h e  s u r f a c e  of t h e  
i s  equa l  t o  l / e  t h a t  due 
s i n c e  under t h i s  cond i t ion  
a d i a b a t i c a l l y  and t h e  hea t  

exp los ive  due t o  chemical r e a c t i o n  
t o  hea t  t r a n s f e r  from t h e  source,  
theruial i n i t i a t i o n  i s  underway 
source can have very l i t t l e  f u r t h e r  

i n f l u e n c e  on- t he  i g n i t i o n  process.  
r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  f a c t o r  used i n  r e l a t i n g  t h e  
chemical h e a t  f l u x  t o  t h a t  from t h e  heat  source.  The h e a t  
f lux due t o  chemical r e a c t i o n  is pqv ,  where q is  t h e  hea t  
of chemical r e a c t i o n  and v is t h e  l i n e a r  burning v e l o c i t y  
c o n s i s t e n t  with the  su r face  temperature.  Q u i t e  g e n e r a l l y ,  

However, t h e  computations a r e  

- I  s 

L = ( M / P I J )  
where Iq i s  t h e  molecular weight,  and It i s  Avg=adrG's 
number; Z and ii a r e  t h e  Arrhenius k i n e t i c  parameters f o r  
t h e  r a t e  c o n t r o l l i n g  thermal s u r f a c e  decomposition r e a c t i o n  of 
t h e  exp los ive ,  and H i s  t h e  gas  constant .  Hence f o r  i g n i t i o n :  

is  the  monolayer t h i ckness  of t he  exp los ive ,  

The i g n i t i o n  ene rg ie s  c a l c u l a t e d  by Eqs. ( 2 )  and ( 4 )  o f  
s e v e r a l  seccndary explosives  which were s t u d i e d  experimental ly  
by Bryan and Noonan ( 3 )  f o r  a 3 m i l l i s e c  hea t ing  per iod a r e  
summarized i n  Table 1. The c ~ m p u t e $ ~ v a l u e s  of T, -are a l s o  
given.  Values of K and C O f 5 ( 1 0  ) cal/(cm-sec K) and 
0.44 cal/gm'OK were employe#; q was c a l c u l a t e d  assuiring the  
oxygen i n  t h e  ex losive t o  first form CO, t h e n  H 0, and f i n a l l y  
co . 
TN?, t e t r y l ,  RUX, and PKTN, r e s p e c t i v e l y ,  C r y s t a l l i v e  d e n s i t i e s  
were used, and t h e  computations were performed u s i n g  t h e  ava i l -  
a b l e  publ ished decomposition k i n e t i c e .  

Table  1. 

Explosive Exp t l  9 Computed E ,  Zqs. (21 ,  ( 4 ) .  

TN T 7 0 . 3 8  0.75 1771 0.6% 1428 
0.48 1098 0.34; 861 

Values of 830, 8ll+, 1220, and 1400 cal/gm w 8 r e  obtained f o r  

Comparison of Experimental and Theoce t i ca l  I g n i t i o n  
Energ ie s  . 

(cal/cm 1 E'  T ( K )  T 

c 0.395 9 3 5  
T e t r y l  0.33 
RDX 0 . 3 3  
PETN 0.25 0.34 858 0.25 705 

'Kinetics from ref* 6; &ref. (7a); 'ref, ( 7 b ) ;  &re f ,  ( 7 ~ ) ;  5,efe(7d).  
. 0 . 2 1  638 

The g e n e r a l  agreement of  t h e  computed ene rg ie s  with t h e  
experimental  values  i s  very good; t h e  p e r f e c t  agreement i n  some 
c a s e s  is  of course f o r t u i t o u s  s i n c e  t h e  est imated va lues  of some 
of t h e  parameters may be i n  e r r o r ,  and i n  any event  t h e  exac t  
v a l i d i t y  o f  t h e  experimental  d a t a  is  not  known. The f a c t o r  1/e 
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which was used t o  r e l a t e  t h e  conduction and r e a c t i o n  f l u  changes 
( d e c r e a s e s )  t h e  computed ene rg ie s  by on ly  a b x t  100  from t h a t  o f  
u s i n g  a f a c t o r  of u n i t y .  However, t h e  f a c t o r  l / e  is  bel ieved 
e s s e n t i a l l y  c o r r e c t  s i n c e  it roughly d e f i n e s  t h e  i n f l e c t i o n  po in t  
on an a d i a b a t i c  rise i n  r e a c t i o n  r a t e .  

Three th ings  may be e s p e c i a l l y  noted from dqs. ( 2 )  and (4 ) .  The 
i g n i t i o n  energy is  a s t r o n g  f u n c t i o n  of t h e  temperature d i f f e r e n c e  , 
(Ts-To). Hence a high i n i t i a l  ambient temperazure w i l l  lower t h e  
energy r equ i r ed  f o r  i g n i t i o n .  This was previously noted by Hicks 
(4b) on i g n i t i o n  de lay  t i m e .  TS is very s e n s i t i v e  
t o  t h e  thermal decomposition k i n e t i c s  f o r  a f i x e d  hea t ing  t ime; 
t h e  faster the decomposition r a t e  ( a t  a given temperature)  t he  
lower the  value o f  Ts. Thus i n i t i a t i n g  explosives  u s u a l l y  r e -  
q u i r e  smaller  i n i t i a t i n g  ene rg ie s  t h a n  do secondary explosives .  
F i n a l l y  i t  is seen t h a t  t h e  i g n i t i o n  energy v a r i e s  as t h e  square 
r o o t  of t h e  hea t ing  t i m e  ( f o r  one-dimensional hea t ing ) .  Th i s  
was a l s o  noted by Hicks,  and has  been d i scussed  i n  d e t a i l  by 
Yang ( 8 ) .  Yang a l s o  t r e a t e d  *he l i n e  and point  source ca?$s, 
and showed t h a t  t h e  i c n i t i o n  energy v a r i e s  as t and t 3  
r e s p e c t i v e l y  i n  t h e s e  cases .  These r e s u l t s  a r e  d i r e c t l y  t r a n s -  
posable t o  the p re sen t  t reatment .  'The i n f luence  of t h e  h e a t i n g  
t i m e  on t h e  i g n i t i o n  energy given i n  q. ( 2 ) , i n  Hick's paper,  
and i n  t h e  paper of Yang is c o n s i s t e n t  with t h e  experimental  
obse rva t ions  of Jones ( 2 )  on s o l i d  exp los ives ,  and Jones and 
S t o u t  ( 9 )  on gaseous exp los ives .  

The value of 

The i g n i t i o n  t i n e  ti f o r  a f i x e d  Ts i s  given by 

t i  = a(Ts-To) ~ X ~ ( ~ E / H T ~ )  ( 5 a )  

Lq. ( 4 ) :  
2 

(5b )  . 
a = (KCP/Te2pq  2 L 2 z 2 )  

An estimate of T, is r equ i r ed  t o  use t h i s  equation. 

an explosive a s  a f u n c t i o n  of t h e  hea t ing  time f o r  high hea t  
f l u x  condi t ions.  I t  was a l s o  mentioned, however, t h a t  some 
minimum energy is always r equ i r ed  t o  i n i t i a t e  an exp los ive ,  
below which energy i g n i t i o n  w i l l  no t  occur. 
energy may be e s t i m a t e d  from a s l i g h t  modif icat ion o f a n c e p t s  
used i n  e s t ima t ing  t h e  minimum i g n i t i o n  energy o f  gases ,  and 
w i l l  be discussed i n  a subsequent paper. 

i g n i t i o n  is  a pure thermal  r eac t ion .  However, it is  known t h a t  
c e r t a i n  s u b s i d i a r y  f a c t o r s  such a s  chemical e f f e c t s  from c e r t a i n  
g a s e s ,  such as oxygen, o r  c a t a l y t i c  e f f e c t s  from t h e  h e a t i n g  
source  may in f luence  t h e  i g n i t i o n  process .  The i n c l u s i o n  of 

Equations ( 2 )  and (4)  g ive  t h e  energy r equ i r ed  t o  i g n i t e  

This m i n i m u m  

The q u a n t i t a t i v e  approach employed i n  t h i s  paper is t h a t  

' 
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these  f a c t o r s  i s  beyond the scope of t h i s  paper ,  but  it may be 
mentioned t h a t  t h e i r  gene ra l  i n f luence  should decrease  as t h e  
temperature of tne swrce  and i t s  accompanying hea t  f i u x  i s  i n -  
creased.  
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